Modeling of Male Pronuclear Migration: Details of the Simulation Overview Three-dimensional simulation of male pronuclear migration was constructed as follows. The simulations included a male pronucleus, two MT asters composed of dynamic microtubules (MTs), and the cortex. For the pulling model, the simulation also included minus-end-directed motor proteins. The parameters used are listed in Table 1 . From an initial configuration, the configuration of the MTs and pronucleus was calculated at successive time steps. The simulations were programmed in C and the source code is available upon request.
force is along the axis of the MT. Dynamic instability parameters from Cassimeris et al. (1988) were used as a standard set because they were measured for a living cell and are consistent with values obtained in vitro (Kinoshita et al., 2001 ) and in a cell extract (Verde et al., 1992) . Other sets of dynamic instability parameters measured for interphase cells of multicellular organisms were also tested (Belmont et al., 1990; Verde et al., 1992; Dhamodharan and Wadsworth, 1995) . Force Generation by MTs in the Pushing Model An MT generates a force opposite the direction of MT elongation only when it is in growing phase and when it reaches the cortex. The strength of the pushing force exerted by an MT was calculated according to an MT force-velocity relationship with a limitation that the maximum force equals the buckling force of the MT. The force-velocity relationship defines the pushing force as F push = -log{1-(V g -v)/A}/B, where v is the growth velocity of the MT, V g is the growth velocity of a freely growing MT, and A and B are two parameters defining the MT force-velocity relationship (see next section). The buckling force of an MT is calculated as F push = π 2 ·κ / L 2 , where L is the length of the MT and κ is the flexural rigidity of the MT (Howard, 2001) . For a straight MT growing from a centrosome toward the cortex with its direction vector u , the growth velocity of the MT after reaching the cortex can be defined as 
Modeling of the Force-Velocity Relationship for Growing MTs
When an MT is pushing against an object, such as the walls of microfabricated chambers or cell cortex, the opposing reaction force from the object will suppress polymerization of the MT and its growth velocity will consequently decrease based on the force-velocity relationship of MT polymerization. The decay in growth velocity for MTs in response to a mechanical force is modeled based on thermodynamic arguments assuming that the off-rate of tubulin is not affected by force (Hill, 1987; Peskin et al., 1993; Dogterom and Yurke, 1997; Howard, 2001; Janson and Dogterom, 2004) . The force-velocity relationship was thus modeled as v(F) = A{exp(-B·F)-1}+V g , where v(F) is the growth velocity of an MT when encountering an opposing force F, V g is the growth velocity for freely growing MTs (=v(0)), A is a parameter defining the rate of addition of tubulin dimers ("elongation-rate parameter"), and B is a parameter defining the effect of the force ("force-dependency parameter"). In theory, A = k on ·c·δ, where k on is the on-rate, c is the tubulin concentration, and δ is the added MT length per tubulin dimer, and V g = δ·(k on ·c-k off ) where k off is the off-rate. These definitions lead to the equation V g = A·{1-k off /(k on ·c)}. Because quantitative analyses suggested that k off << k on ·c (Janson and Dogterom, 2004) and therefore 1-k off /(k on ·c) ≈ 1, we set A equal to Vg. To estimate the value of the remaining parameter B, we applied a result from an in vivo study by Tran et al. (2001) , who observed about a 38% decrease in the growth velocity for MTs after they touched the cell cortex. A similar result was obtained in measurements by Drummond and Cross (2000) . The opposing force induced by the cell cortex was estimated at about 15 pN (Tran et al., 2001 ]; Dogterom and Yurke, 1997) . This discrepancy might be due to differences in the quality (e.g., flexibility) of barriers against which growing MTs push (cell cortex for in vivo and glass walls for in vitro) or to the existence of various MT-associated proteins that affect assembly and disassembly of MTs in vivo (Tournebize et al., 2000; Kinoshita et al., 2001) . In the simulation, we thus used the value estimated from in vivo results as a "standard condition" (Table 1) . Force Generation by MTs in the Pulling Model An MT generates a force according to F pull = D·L·F motor along the direction of elongation of the MT, where D is the density of motors on MT (i.e., the number of motors per unit length of MT) and F motor is the pulling force generated by a single motor. We confirmed that a stochastic model in which the number of motors is an integer shows similar results to the pulling model simulation (data not shown). In the pulling model, the pushing force of MT against the cortex was assumed negligibly small compared to the pulling force. The pushing force can be too small to move the pronucleus, or an MT might not push the cortex efficiently because MT catastrophe is induced by a regulator localized on the cortex or by contact with the cortex itself (Janson et al., 2003) . This assumption is consistent with an observation of dhc-1 (RNAi) embryos (Gönczy et al., 1999; Figure 6 ) as discussed in the main text. The pulling force generated by a single motor (F motor ) was calculated according to the force-velocity relationship of motors with a limitation that the maximum force the motor protein can exert was limited by the stall force of the motor (F stall ). The pulling force of a motor when the motor pulls MTs toward the minus end at velocity v was calculated as F motor = F stall ·{1-(v/V max )}, where F stall is the stall force and V max is the maximum velocity of minus-end-directed motors (see next section). For a minus-end-directed motor touching an MT whose direction vector from minus to plus end is u , the velocity of the motor ( v ) was calculated as
, where nuc V is the velocity vector of the pronucleus. In summary, the pulling force exerted on an MT by minus-end-directed motors was modeled as
Modeling of the Force-Velocity Relationship for Motors
When motor proteins slide along MTs, their velocity decreases when they encounter larger load forces (force-velocity relationship of motor proteins). Experimental measurements have demonstrated that the force-velocity plots for motor proteins exhibit various shapes, including linear, convex-downward, and convex-upward (Oiwa and Takahashi, 1988; Visscher et al., 1999; Hirakawa et al., 2000; Schnitzer et al., 2000; Howard, 2001) . Because of the uncertainty in the shape of the force-velocity plots, we assumed a simple but representative relationship for the force and velocity, namely, v(F) = V max ·{1-(F/F stall )}, in which the velocity of the motor when exerting a force F (v(F)) decreases in a linear manner from the maximum velocity (V max ) at F=0 to v=0 when F=F stall . The V max of a cytoplasmic minus-end-directed motor in vivo is reportedly about 2.0 µm/s (Gross et al., 2000) , and the measured F stall is 1.1 pN both in vitro (Mallik et al., 2004) and in vivo (Gross et al., 2000) .
Translational Movement of the Nucleus and MT Asters
Stokes' law was used to model the relation between the force on the pronucleus and its translational velocity:
, where F is the net force vector summing the force vectors from each MT
for the pushing model and ∑ ⋅ u C . We confirmed that ω is not large enough to cause significant rotational movement of the pronucleus when there are two MT-asters. Parameters For all the parameters except viscosity (η), the range of experimentally measured values reported in the literature did not differ by more than about 10-fold (Table 1 ). In this study we examined the maximum, minimum, and several intermediate values in this range (shown as the "range of fluctuation" in Table 1 ). We chose a set of intermediate values within this range as a "standard condition" ( Table 1 ). The experimentally measured values of η differ by about 2000-fold depending on the materials and methods used for the measurements (Hiramoto, 1970 ; Table 1 ). The value of η has a simple effect on the simulation results, namely, the resultant velocity of the pronucleus is proportional to the inverse of η. The larger η is, the slower the migration becomes, without affecting the overall shape of the distance-time graph. In our simulation, when η was set to 1 Ns/m 2 , the pronucleus reached the cell center within about 10 minutes in the pushing model. Because this time coincides with that observed in vivo (Figure 1 ; Albertson, 1984) , we used this value as a "standard condition." For such conditions (i.e., the pronucleus reached the cell center within about 10 minutes), we have confirmed that using the maximum and minimum measured η (i.e., 3 and 0.0018 [Ns/m 2 ]) in the simulations does not affect the shape of the distance-time graph. Because the forces required to move the pronucleus are proportional to the viscosity parameter, changes in this parameter (e.g., Figures 2F and 2G ) had essentially the same effect on the shape of the distance-time graph as changes in the strength parameters of the pushing/pulling forces ( Figures 3A and 3B ).
Objective In Vivo Measurement of Pronuclear Migration: Nuclear Detection and Tracking
Local image entropy was used to detect the nuclear region objectively in the DIC images (Onami et al., 2001; S. Hamahashi et al., submitted) . To detect nuclear regions in the images, the entropy value of each 10x10 pixel window was calculated as
, where l is the gray level appearing in the image, n is the number of gray levels in the image (=256(8 bit)), and p(l) the probability of l appearing in the image. The resultant entropy values were normalized to 256 levels (i.e., the minimum entropy was set to 0, and the maximum to 255), and binary segmentation was performed with a threshold of 161; a pixel in the specimen image was "turned off" if its normalized entropy value was less than the threshold level, and "turned on" if greater than or equal to the threshold level. In the resultant binary image (see Figure 4A) , pixels corresponding to the nuclear region were turned off (i.e., smooth, or low randomness of pixel values; gray areas in Figure 4A ), whereas those of other regions in the cell were turned on (i.e., bumpy, or high randomness; white areas in Figure 4A ). Clusters of "off" pixels (adjacent to each other) were grouped together, and the center and area of each group were calculated. To exclude the background, only groups with an area between 500 and 5000 pixels were considered for measurement. In the image of the first time-step, the group corresponding to the male pronucleus was selected manually. In the images of successive time steps, pronuclear regions were selected automatically among the off-pixel groups by selecting groups whose center was located within 10 pixels (approximately 1 µm) from the center of the pronucleus selected in the preceding time-point. In this way, the coordinates of the center of the pronuclear region in the images were calculated. The positions of the anterior and posterior poles of the embryo were measured manually, and the distance between the center of the pronucleus and the posterior pole, and the ratio of the distance to the length of the long axis of the embryo were calculated.
Supplemental Online Text
Explanation for the Intrinsic Difference between the Pushing and Pulling Models in the Shape of the Distance-Time Graph In the pushing model, when the reaction forces against the MT growth are so large that the MTs pushing the pronucleus buckle, the force exerted by an MT equals its buckling force. This buckling force is proportional to the inverse of the square of the MT length. In this case, when the pronucleus migrates away from the cortex, the length of MTs pushing the pronucleus increases and consequently the pushing forces weaken. The resultant distance-time graph will be convex upward. When the reaction forces are so small that the MTs can push the pronucleus without buckling, the velocity of the pronucleus is about the same as the growth velocity of the MTs. The resultant distance-time graph will be roughly linear. In summary, the distance-time graph of the pushing model is expected to be a combination of linear and convex shape, and thus the overall shape will appear convex.
In the pulling model, a force directed towards the cell center equals the sum of the pulling forces on the MTs in the central side (i.e., central MTs) minus those in the cortical side (i.e., cortical MTs). In the early phase of the migration, the central MTs grow freely, whereas growth of the cortical MTs is restricted by the cortex. The rate of increase in the pulling force toward the center exceeds that towards the cortex, and thus the velocity of the pronucleus increases. After this early phase, the overall growth of the central MTs reaches a plateau due to equilibrium in dynamic instability or to hindrance by the anterior cortex. The cortical MTs grow steadily as the pronucleus migrates away from the cortex. In this latter phase, the velocity of the pronucleus decreases accordingly. As a result, in the pulling model, the pronucleus gradually migrates faster in the early phase of the migration, but then slows down. In conclusion, the shape of the distance-time graph is intrinsic to the models, namely, convex in the pushing model and sigmoidal in the pulling model.
Pushing Models that Consider an Increase in the Number or Flexural Rigidity of MTs or Cytoplasmic Streaming
Available experimental observations do not support the hypothesis that an increase in the number or flexural rigidity of MTs compensates for the MT-length-dependent decrease in pushing forces of MTs to reproduce the sigmoidal shape of the graph with the pushing model. To reproduce this sigmoidal shape, the number or flexural rigidity of MTs should increase proportional to more than the square of the distance from the posterior pole (Supplemental Figure S3) . Visualization of MTs in vivo does not support such a drastic increase in the number of MTs (Supplemental Figure S4 ; Hannak et al., 2001 Hannak et al., , 2002 . Measurement of the rigidity of MTs under various conditions (e.g., in the presence of MT associated proteins [MAPs] or chemical compounds such as GMP-CPP and BeF 3 -) also does not support drastic increases in the rigidity (Mickey and Howard, 1995; Howard, 2001 ).
Cytoplasmic streaming that might alter the drag force on the pronucleus is not a requirement for the sigmoidal shape of the distance-time graph observed in vivo. Cytoplasmic streaming is absent in par-3 embryos (Kirby et al., 1990) , but still the distance-time graph is sigmoidal (Supplemental Figure S6 ). This experimental result refutes the possibility that a gradual decrease in cytoplasmic streaming that opposes male pronuclear migration will cause a gradual increase in pronuclear migration velocity even with the pushing mechanism in vivo. We conclude that the disagreement in the shape of the distance-time graph between the pushing-model simulation and actual migration is a strong argument against the pushing mechanism as the primary mechanism for male pronuclear migration.
activities of XMAP215 and XKCM1 in Xenopus egg extracts. Nat. Cell Biol. Supplemental Figure S1 . Computer Simulation with Pulling Force Expressed as F pull ∝ L n ; n = 2.0, 1.25, 1.0, 0.8, 0.5, and 0 Distance-time graphs of simulated pronuclear migration (as shown in Figure 2G ) for length-dependent pulling force on an MT (F pull ) calculated as F pull = C × L n , where L is the length of the MT, n is the exponent, and C is the constant used to adjust the forces to be as strong as those in the original simulation in Figure  2G . Parameter values of the "standard condition" (Table 1) were used unless otherwise indicated. Different colors of lines correspond to different parameter values for the viscosity η of cytosol as in Figure 2G ; η = 0.25 (orange), 0.5 (pink), 1.0 (black), 2.0 (blue), and 4.0 Ns/m 2 (green). Inset shows the magnification (0.5-3.3 min for time and 10%-35% for distance) of the early stage of migration as in Figure 2G . The shape of each graph was sigmoidal when 0.8 ≤ n ≤ 2.0. The sigmoidal shape became less distinct when n ≤ 0.5, Figure S1 . Simulations assumed MT generates pushing forces opposite the direction of MT growth only when the MT reaches the cortex. The pushing force F push was calculated as F push = C × L n , where L is the length of the MT, n is the exponent, and C is the constant used to adjust the forces to be as strong as those in the original simulation in Figure 2F . 6 × 50 (green), × 100 (blue), × 200 (black), × 400 (pink), or × 800 (orange). Inset in (E) magnifies 4.0 -6.8 min of the migration. In all simulations, the number of MTs did not exceed 208. This constraint was introduced to speed up the calculations, and we confirmed that this constraint does not influence the shape of graph in the early phase of the migration. Convex shape of the graph is clearly evident in (A), where the number of MTs increases in a manner consistent with that in vivo. In (B) and (C), convex shape becomes obscure but the shape still is not sigmoidal. In (E) the shape appears sigmoidal. In (E), the number of MTs increases approximately proportional to the sixth power of the distance from the posterior pole because the distance increases approximately proportional to the elapsed time t. To reproduce a sigmoidal shape of the distance-time graph with a pushing mechanism, the number of MTs should increase in a manner as shown in (F), which is different from what was observed in vivo (Supplemental Figure S4) .
Supplemental Figure S4. Relative Changes in the Number of MTs during Pronuclear Migration
Relative changes in the number of MTs during pronuclear migration were obtained as follows. First, time-lapse series of images of embryos expressing GFP::tubulin were obtained as in Figure 1 . Then, for every 50 seconds, the number of MTs was counted by hand after filamentous structures in the images were enhanced by using a defined linear filter "Sharpen Hat" in the IP Lab 3.6 software. Finally, eight wild-type embryos were analyzed, and the results were plotted using different symbols for each embryo. Times are with respect to nuclear envelope breakdown (NEBD). The measured numbers of MTs in the confocal images are less than the total numbers of MTs in the embryo, but reflect relative changes in the number of MTs in the embryo. This observation is consistent with previous reports that measured an increase in the amount of centrosomal α-tubulin (a subunit of MT) and γ-tubulin (important for nucleation of centrosomal asters) (Hannak et al., 2001 (Hannak et al., , 2002 .
Supplemental Figure S5 . Computer Simulation with Cortical-Anchoring Model Paths (left) and distance-time graphs (right) of simulated pronuclear migration are shown as in Figures 2D  and 2F , respectively. In the cortical-anchoring model, MT generates a pulling force F cortex-pull only when it reaches the cell cortex. The cortex pulls the MT in the direction of the MT elongation. Different colors of lines correspond to different parameter values for the pulling force at the cortex: F cortex-pull = 0.25 (green), 0.5 (blue), 1.0 (black), 2.0 (pink), and 4.0 pN (orange) in (A) to (C). (A) Simple cortical-anchoring mechanism, where the entire cortex can pull MTs with a constant pulling force at the cortex (F cortex-pull ). When F cortex-pull is small (≤ 0.5 pN; green and blue lines), the pronucleus does not move. When F cortex-pull is larger (1 to 2 pN; black and pink lines), the pronucleus shows occasional sliding along the cortex. Under these conditions, dynamic instability of MTs can generate a large enough imbalance between forces on the two asters to move the pronucleus. When F cortex-pull is even larger (≥ 4 p N; orange line), rapid and random movement of the pronucleus occurs, significantly different from the centripetal movement observed in vivo (Figure 4 ). These simulations indicate that the pronucleus does not approach the cell center by the simple cortical-anchoring mechanism. If the simulations with the cortical-anchoring model are started from the situation where the MT-aster has already reached the center of the cell, maintenance of the aster close to the center is observed in the simulations, indicating that the cortical-anchoring mechanism can maintain the central localization of MT-asters (e.g., a spindle or pronuclei) after these asters approach the cell center. (B) Simulation where forces are generated only when the MTs reach the anterior half of the cortex. Although the pronucleus moves away from the cortex and towards the center, it passes by the cell center.
Supplemental Figure S7 . Nomarski DIC Images of Male Pronuclear Migration in zyg-9 Mutant Embryos and in Embryos Treated with Nocodazole (A) Original Nomarski DIC images of the zyg-9 mutant embryo whose distance-time graph is shown in Figure 4C . (B-D) Nomarski DIC images of the nocodazole-treated embryos. (B) Original images of an embryo whose male pronucleus reached a point about 40% of the long axis of the egg and encountered the female pronucleus (blue curve in Figure 4D ). (C) Original images of an embryo whose male pronucleus reached a point about 25% of the long axis and did not encounter the female pronucleus (black curve in Figure 4D ). (D) Images of an embryo in which the nocodazole was so effective that the male pronucleus did not leave the cortex. The pronucleus did not migrate towards the center but moved along the cortex. This movement likely reflects the severe depolymerization of the MTs because this behavior is typical of that observed in embryos treated with a higher concentration (10 µg/ml) of nocodazole. Observation of GFP::tubulin expressing embryos treated with 10 µg/ml of nocodazole revealed that depolymerization of the MTs is so severe that no apparent filamentous structures were detected in nocodazole-treated embryos whose male pronucleus did not leave the cortex (data not shown). In (A)- (D) , "M" and "F" indicate positions of the male and female pronuclei, respectively. Elapsed time is shown in minutes and seconds, and corresponds to the time in the corresponding graph in Figures 4C and 4D . Scale bar equals 10 µm.
Supplemental Figure S8 . Male Pronuclear Migration with a Single Aster (A) Schematic of force generation in the pulling mechanism with a single aster as shown in Figure 2B . Translational movement of the pronucleus is indicated by yellow arrows, and rotational movement of the pronucleus and centrosome is indicated by purple arrows. When the pronucleus approaches the cortex, the length of MT growing towards the cortex shortens and the forces toward the cortex consequently decrease. Because MTs extend radially from the pronucleus, some MTs growing in the cytoplasmic direction elongate and thus govern the direction of the pronuclear migration. . For simplicity in the calculation, we assumed a constant pulling force per motor (1 pN). The initial position of the centrosome on the pronucleus was set at 22.5° from the posterior pole (toward the upper part of the figure) to provide space for MTs to grow. When pronuclear migration was simulated under these conditions, the simulated pronucleus migrates towards the MT-aster side of the pronucleus, rotates, and then migrates toward the center. Note that in vivo, both the contact between the male pronucleus and female pronucleus and the subsequent breakdown of the nuclear envelope alter the subsequent direction of both the MT growth and pronuclear migration. The simulated behavior resembles that observed for the migration of the zyg-1 embryos in vivo ( Figure 5 ).
Supplemental Figure S9 . DHC-1 Protein Level in zyg-1 (b1); dhc-1 (RNAi) Embryos of zyg-1 (b1); dhc-1 (RNAi) (A-F) and zyg-1 (b1) (G-L) were stained with anti-DHC-1 antibodies (DHC-1; A, D, G, J), anti-tubulin antibodies (TUB; B, E, H, K), and DAPI (DNA; C, F, I, L). In the zyg-1 (b1) embryos, DHC-1 was distributed throughout the cytoplasm but not in the pronuclei in one-cell-stage embryos during pronuclear migration (G). After breakdown of the nuclear envelope, DHC-1 was enriched on the spindle (J). This localization is consistent with the observation of wild-type embryos by Gönczy et al. (1999) . Staining of DHC-1 was significantly reduced in the zyg-1 (b1); dhc-1 (RNAi) embryos (A, D). The apparent fluorescent signal of DHC-1 was observed in all the zyg-1 embryos that had successful antibody staining (judged from anti-tubulin staining; n=20), whereas no apparent signals of DHC-1 proteins were detected in all zyg-1 (b1); dhc-1 (RNAi) embryos that had successful staining (n=10). This observation indicates that the DHC-1 protein is actually depleted upon RNAi of the dhc-1 gene in zyg-1 (b1) embryos.
